tively few have been performed to determine if O 3 can affect plant Reinert and Ho, 1995; Reinert et al., 1997 growth and yield responses of soybean to CO 2 enrichcially important in cotton production so N nutrition was included as ment were dependent on the amount of O 3 stress an experimental factor. Plants were grown in 14-L pots at low, me- (Heagle et al., 1998a (Heagle et al., , 1998b Miller et al., 1998 yield using the model GOSSYM have been published (Reddy et al., 1989). A cotton growth simulation model (COTCO 2 ) has been developed with CO 2 concentration
growth and yield responses of soybean to CO 2 enrichcially important in cotton production so N nutrition was included as ment were dependent on the amount of O 3 stress an experimental factor. Plants were grown in 14-L pots at low, me- (Heagle et al., 1998a (Heagle et al., , 1998b Miller et al., 1998) . Because dium, and high soil N levels and exposed to three CO 2 and two or plant species and cultivars vary in response to elevated three O 3 treatments in all combinations during two seasons. The CO 2 O 3 and CO 2 , research to determine possible interactive treatments were ambient (370 L L Ϫ1 ) and two treatments with CO 2 effects of these gases is needed with additional species. Cotton is sensitive to O 3 stress and CO 2 enrichment.
air (NF) with O 3 added for 12 h d Ϫ1 (NFϩ). In 1996, a NF treatment
Open-top field chamber experiments with cotton was also included to represent ambient O 3 conditions. The CF, NF, (Heagle et al., 1988; Temple et al., 1985; and NFϩ treatments resulted in seasonal O 3 concentrations of approx-1986) indicate that cotton yield is decreased by approxi- air, and open-top chamber CO 2 enrichment studies in 
L L Ϫ1 increased cotton yield by approximately 40 to
Comparable values for 1996 were 23% in CF air and 140% in NFϩ 60% compared with ambient CO 2 concentrations (Kimair. These interactions occurred for a range of soil N levels, and were probably caused by CO 2 -induced prevention of O 3 stress. The results ball et al., 1997; Kimball and Mauney, 1993; Mauney, emphasize the need to consider O 3 ϫ CO 2 interactions to ensure et al., 1994; Pinter et al., 1996) . Estimates of the negative correct interpretation of cause-effect relationships in CO 2 enrichment effects of O 3 and positive effects of CO 2 singly on cotton studies with crops that are sensitive to O 3 . yield using the model GOSSYM have been published (Reddy et al., 1989) . A cotton growth simulation model (COTCO 2 ) has been developed with CO 2 concentration T ropospheric O 3 concentrations in many areas of as a major influence on estimates of cotton growth and the world are approximately twice as high as preyield (Wall et al., 1994) . Possible interactive effects of industrial levels (Heck et al., 1984; U.S. EPA, 1996a) . O 3 and CO 2 have never been reported for cotton. If Atmospheric CO 2 concentrations are rising and are exsuch interactions occur for cotton, both models would pected to double from current levels during the next benefit by adjustments to account for them. century (Watson et al., 1990) . Ozone is a strong oxidant Reports of effects of soil fertilizer rates on crop rethat causes plant stress and lower yield (Heck et al., sponse to CO 2 enrichment have been mixed, depending 1984), whereas CO 2 enrichment usually stimulates plant on the crop and experiment. A summary of published growth and yield (Allen, 1990; Cure and Aycock, 1986;  reports indicated that levels of P and N that limited Kimball et al., 1993) . Most research to determine effects plant growth either increased, decreased, or had little of O 3 and CO 2 on plants has been done without considereffect on carbon exchange rate or dry weight response ing possible interactive effects of the two gases. Recent to CO 2 enrichment (Idso and Idso, 1994 
MATERIALS AND METHODS
large differences in growth, and that large plants would shade General Procedures smaller ones. To prevent confounding due to differential shading, the medium N level treatment group was always placed The experiment was performed with cotton 'Deltapine 51' between the high or low N group, which were randomly asduring 1995 and 1996 at our field site 5 km south of Raleigh, signed to the eastern or western position in the northern cham-NC. Plants were exposed to mixtures of O 3 and CO 2 in openber half, and to the opposite sides in the southern chamber top field chambers, 3-m diameter ϫ 2.4 m tall (Heagle et al., half. 1973 DAP in 1995 and at 120, 129, 143, and 150 DAP in 1996 . Seedprevent seedling root disease. Acephate (at 1.7 mL L Ϫ1 water) cotton (yield) was weighed for each harvest. It was bulked or bifenthrin [(2-methyl-1,1-biphenyl-3-y1)-methyl-3-(2-chloacross harvests for each N treatment per chamber and ginned. ro-3,3,3-trifluoro-1-propenyl)-2,2-dimethylcyclopropanecarStandard market quality analyses were performed for lint at boxylate at 2.6 mL L
Ϫ1 water] were applied to foliage four or the Louisiana State University Cotton Fiber Laboratory, Bafive times each season to prevent infestations of bollworms ton Rouge, LA. Seed quality was analyzed at the Hahn Laboand other insects and mites. In 1995, an application of imiratories Inc., Columbia, SC. Shoots (stems, branches, and docloprid (1-[(6-chloro-3-pyridinyl) methyl]-N-nitro-2-imidaempty locules) were harvested to obtain dry weights at 164 zolidinimine at 1.8 mL L Ϫ1 water) on 27 July controlled aphids DAP in 1995 and at 151 DAP in 1996. For both years, analyses resistant to bifenthrin.
of variance were performed on chamber means (within whole The main plot (chamber) treatments were mixtures of O 3 plot, subplot, and sub-subplot treatments) with SAS software and CO 2 over a range of concentrations. Dispensing of CO 2 (SAS Institute, 1990 ). The whole-plot factor was the O 3 and for 24 h d Ϫ1 and O 3 for 12 h d Ϫ1 (0800-2000 hours EST) for CO 2 treatment combination, the sub plot factor was chamber 7 d per week began less than 8 d after plants emerged and position (north vs. south) and the sub-sub plot factor was continued through maturity. General dispensing and monitor-N treatment. ing protocols have been described previously for O 3 (Heagle et al., 1979) and for CO 2 (Rogers et al., 1983) . Both gases were monitored 24 h d Ϫ1 at canopy height in the center of each 1995 chamber. Ozone was monitored with UV analyzers (TECO Seeds were planted on 23 May, and seedlings emerged on Model 49, Thermo Environmental Instruments, Inc., Franklin, 28 May. Seedlings were thinned to two per pot at 13 DAP MA) which were calibrated bi-weekly with a TECO Model and to one per pot at 28 DAP. The whole plot design was all 49 PS calibrator. Carbon dioxide was monitored with infrared combinations of three CO 2 and two O 3 treatments. Carbon analyzers (LI 6252, LI-COR Inc., Lincoln, NE), which were dioxide enrichment began on 2 June (10 DAP), and O 3 expocalibrated bi-weekly with pressurized tank CO 2 over the range sures began on 3 June. Dispensing of both gases continued of concentrations used in these experiments. Monthly and until 4 October (134 DAP). The CO 2 treatments were ambient, seasonal O 3 and CO 2 concentrations are described separately and approximately 1.5 and 1.9 times ambient CO 2 concentrafor each year in Table 1. tions. The O 3 treatments were charcoal-filtered air (CF ϭ Three N concentrations (high, medium, and low) were obapproximately 0. replicates for all treatment combinations except for treatments containing the 1.5 times ambient CO 2 concentration, which considered to be damaged to the extent that yield would be compromised (shattered leaves, broken stems, detached bolls) had two replicates.
were labeled. If any plant in a three-plant N group was considered damaged to that extent, the entire three-plant group 1996 was discarded. Chamber panels were replaced, and fans were Seeds were planted on 13 May. Seedlings emerged on 19 restarted on 11 September and run until final harvest to mainMay and were thinned to two per pot at 18 DAP and to one tain near-ambient meteorological conditions in the chambers. per pot at 28 DAP. The whole plot design was all combinations However, dispensing of O 3 and CO 2 was not resumed. of three CO 2 treatments and three O 3 treatments. Carbon dioxide enrichment began on 21 May (8 DAP), O 3 exposures RESULTS began on 22 May, and dispensing of both gases ended on 5 September (115 DAP). The CO 2 treatments were ambient Weather conditions during the exposure periods for and approximately 1.5 and 1.9 times ambient CO 2 . The O 3 both years were within normal range for our location treatments were charcoal filtered air (CF), nonfiltered air (NF) ( 71 DAP (Fig. 1) .
A hurricane (Fran) arrived during the evening of 5 September (115 DAP). Fran brought sustained wind velocity of over Ozone caused foliar injury (chlorosis, bronzing, and chamber panels were separated partly from the chamber reddening) as estimated at both dates in both seasons frames; a few were torn but chamber aluminum-channel (Tables 2 and 3, Fig. 2), and elevated CO 2 caused signififrames were not damaged or moved. At 115 DAP, some fluffy cant reddening for all but the second estimate in 1995.
locks were present in all chambers indicating that a high proOlder leaves were injured more by O 3 than younger portion of yield potential had been attained. Fortunately, plant leaves, whereas CO 2 -induced reddening was more sestems were previously secured to a bamboo stake in each pot, and most were not severely damaged. However, plants vere on younger leaves. Foliar symptoms caused by both gases increased as the season progressed in both years. Increased chlorosis due to N deficiency in the low N treatment was probably the cause for significant N effects on injury (Tables 2 and 3) .
Carbon dioxide enrichment suppressed O 3 injury, and the O 3 ϫ CO 2 interaction was always significant (Tables  2 and 3 , Fig. 2 ). For example, at ambient CO 2 , mean foliar injury in the NFϩ treatment was typically 2 to 3 times greater than in the CF treatment, but at twice ambient CO 2 , foliar injury in all O 3 treatments was almost the same (Tables 2 and 3, Fig. 2 ).
Midseason Growth
Plants exposed to NF or NFϩ air were generally smaller than plants exposed to CF air, but the O 3 effect was significant only for certain measures. In 1995, height, main stem leaf area, and shoot (stem, branches, leaves, flowers) weight were significantly smaller in NFϩ air than in CF air (Table 2 ). In 1996, the O 3 effect was significant only for root weight and number of leaves (Table 3) . Nitrogen fertilization stimulated growth, number of surement date in both seasons. Elevated CO 2 significantly increased plant height on all five dates in both squares, and number of bolls in both years (Tables 2 and  3 ). The N effect was significant for all growth measures, years. Although CO 2 enrichment did not affect numbers of nodes or branches in 1995, it significantly increased number of squares, and number of bolls in both years except for root weight in 1995 (Tables 2 and 3). number of nodes at 73 DAP in 1996 and number of The CO 2 effect on growth responses was similar at branches at 58 and 73 DAP in 1996. Ozone significantly all N levels with a few exceptions. For example, in 1995 increased the number of nodes at 91 and 115 DAP in the only significant CO 2 ϫ N interaction was for shoot 1995 and at 73 DAP in 1996, but did not significantly weight; the weight response to CO 2 was greater for affect branch numbers in either year. plants grown at medium N than at high or low N ( Table  2 ). In 1996, the only CO 2 ϫ N interactions were for
Yield and Final Shoot Weight
numbers of leaves, squares, and bolls for which the CO 2 Plants exposed to elevated O 3 were generally smaller effect was generally greater with increased N (Table 3) .
with fewer bolls, lower seed-cotton weight (yield), and None of the variables showed significant O 3 ϫ CO 2 ϫ lower final shoot weight (weight of stem, branches, and N interactions in either year. empty locules) than plants in CF air for both years. The Data are not shown for the nondestructive measures O 3 effect was significant for yield in both years and at five dates between 44 and 115 DAP each season, for boll number in 1995 (Table 4) . Conversely, plants because the responses are generally typified by growth exposed to elevated CO 2 generally had more bolls and responses shown for the destructive harvest at 49 or 50 weighed more than plants at ambient CO 2 . The CO 2 DAP (Tables 2 and 3 ). Nitrogen fertilization signifieffect was significant for final shoot weight in 1995 and cantly (P Յ 0.05) increased plant height, numbers of for boll numbers, yield, and shoot weight in 1996. As nodes, numbers of branches, and decreased the position of the first flowering node at each nondestructive meaoccurred for some midseason measures, the apparent Table 1 .
stimulatory effect of elevated CO 2 was much greater on Significant O 3 ϫ N interactions occurred for several measures in both years (Table 4) but the interactions plants stressed by O 3 than for plants grown in CF air (Table 4 ). The O 3 ϫ CO 2 interaction was significant for were inconsistent and their biological relevance is unyield in both years, for final shoot weight in 1995, and clear. For example, N caused a greater increase in shoot for number of bolls in 1996. For example, in 1995 for weight in the NFϩ than in the CF treatment in 1995, the medium N treatment, the percentage increase in but the reverse was true in 1996 (Table 5 ). In 1996, the yield caused by doubling CO 2 in CF air was 0%, but O 3 ϫ N interaction for boll numbers and yield was due was 52% in the NFϩ treatment (Table 4, Fig. 3) . Compato a curvilinear response to N; N caused more stimularable values for 1996 were 23% in CF air and 140% in tion in the NF treatment than in the CF or NFϩ treatthe NFϩ treatment. ments (Table 4) . Nitrogen fertilization increased boll numbers, yield and final shoot weight, and the N effect was significant
Quality of Lint and Seed
for all measures for both years (Table 4 ). In 1995, the For both years, O 3 decreased micronaire and yelhigh N rate caused rank vegetative growth at all CO 2 lowness, whereas CO 2 caused the opposite effects (Taconcentrations, and boll numbers and yield decreased bles 5 and 6). Each gas offset the effects of the other with CO 2 enrichment at high N, but not at other N levels causing the significant O 3 ϫ CO 2 interactions for mi- (Table 4 , Fig. 3) , which explains the CO 2 ϫ N interaction cronaire and yellowness in both years (Tables 5 and 6 ). for boll numbers and yield (Table 4 ). In 1995, the pro-A trend for O 3 -induced increase in brightness, and for portional increase of final shoot weight because of N fertilization was greater than the proportional increase CO 2 -induced decrease in brightness occurred both years. These effects were significant for O 3 in 1996 and in yield as reflected by the decreased harvest index. The significant CO 2 ϫ N and O 3 ϫ CO 2 ϫ N interactions for CO 2 and the O 3 ϫ CO 2 interaction both years. An O 3 -induced decrease in elongation occurred in 1995 (Tain 1995 may have occurred because final shoot weight response to CO 2 was greater at the high N than at low ble 5) but not in 1996 (Table 6 ). Ozone significantly increased fiber length (HVI upper half mean) in 1995 N in the CF treatment but not in the NFϩ treatment. In 1996, rank growth did not occur at high N and, alwith a similar, but nonsignificant, trend in 1996. Carbon dioxide enrichment significantly decreased fiber length though the CO 2 ϫ N interaction was significant for all measures (Table 4) , the cause for the interaction dein both years. Although the CO 2 effect on fiber length was greater at NFϩ than at CF in both years, the O 3 ϫ pended on the response measure. For example, the effect of CO 2 generally increased as N level increased for CO 2 interaction was significant only in 1995. None of the effects of N on lint quality were consistent over number of bolls and yield (Table 4 , Fig. 3 ). For final shoot weight, the effect of N on the CO 2 response was years (Tables 5 and 6 ). Seed quantity was adequate for only one replicate more dependent on the O 3 and CO 2 combination (Table 4).
sample for quality analyses. Therefore, no analysis of is the mean three-plant total of six 3-plant samples (one sample, 2 chamber locations, 3 chambers) except for mid-level CO 2 and mid-level O 3 treatments for which each value is the mean of four 3-plant samples (1 sample, 2 chamber locations, 2 chambers) except for deletions as indicated for 1996; seed cotton is the sum of lint and seed weight. Shoot weight is the sum of stem, branches, and empty locules weight. ‡ Ozone and CO 2 concentrations are two-year means; for yearly O 3 and CO 2 concentrations see Table 1 . Low, medium, and high N were obtained by incorporating urea formaldehyde (38:0:0, N:P:K) at a rate of 0.52, 1.02, and 2.04 g L Ϫ1 respectively, of growth medium. § Harvest index is defined as the ratio of seed-cotton weight to shoot weight. ¶ Hurricane Fran caused deletion of one 3-plant sample. # Hurricane Fran caused deletion of two 3-plant samples.
variance test was possible for seed quality factors. Seed CO 2 -induced enhancement was often greater for plants stressed by O 3 than for plants in CF air. These results, quality responses were consistent over years and with other response measures, however. For both years, and previous reports showing the high sensitivity of cotton to O 3 (Heagle et al., 1986; Heagle et al., 1988 ; trends were for O 3 -induced decreases in percentage oil, quality index, and grade and for increases in ammonia Temple et al., 1985) , may help explain the large CO 2 -induced yield increases previously reported for cotton. and percentage fatty acids, whereas CO 2 tended to cause the opposite effects (Tables 5 and 6) , 1996) . In the present studies at Raleigh, NC, twice-CO 2 , the comparable values were 20.4 and 20.2%. ambient CO 2 induced yield increases averaging 40% for cotton grown at near ambient O 3 concentrations in NF chambers, whereas the comparable increase for plants
DISCUSSION
grown at low O 3 in CF chambers was only 15%. Seasonal O 3 concentrations in many cotton production areas are Suppression of cotton growth and yield by O 3 was similar to seasonal O 3 concentrations near Raleigh, NC prevented, or partially prevented, by CO 2 enrichment. One consequence of this interaction is that apparent (U.S. EPA, 1996b). Therefore, it is apparent that the tion), and this may be the result of acclimation of NCER The wide range of soil N levels in the present experiment affected response to CO 2 enrichment under some to elevated CO 2 (Drake et al., 1997) . In the present study, the apparent stimulation of NCER by CO 2 enrich-O 3 and CO 2 combinations but not others. In 1995, the CO 2 ϫ N interaction for yield was caused mainly by rank ment was consistently greater for plants stressed by O 3 than for plants exposed to CF air. In actuality, much of growth in the high N treatment where CO 2 enrichment decreased yield. At low and medium N in 1995, the the increase in NCER with CO 2 enrichment is due to elevated CO 2 preventing O 3 suppression of NCER. This response to CO 2 enrichment was similar, and agrees with results from free-air carbon dioxide enrichment pattern of CO 2 ϫ O 3 interaction is similar to that found for growth and yield in the present study with cotton studies where yield enhancement caused by CO 2 enrichment for cotton grown at limiting N levels was not signifand with yield of other species such as soybean (Heagle et al., 1998a (Heagle et al., , 1998b . Both elevated CO 2 and elevated icantly different from that for cotton grown at adequate N levels (Kimball and Mauney, 1993) . Rank growth did O 3 (NFϩ treatment) suppressed stomatal conductance (g s ). Elevated CO 2 suppresses g s by increasing internal not occur at high N in 1996 and, although significant CO 2 ϫ N interactions occurred, the cause depended on CO 2 concentrations (C i ) (Mott, 1988) . Ozone indirectly suppresses g s by suppressing NCER, which presumably the response measure and the O 3 and CO 2 combination. For example, boll number and yield response to CO 2 leads to higher C i (Fiscus et al., 1997) . These results are consistent with the hypothesis that CO 2 enrichment generally increased as N increased, but this was not true for shoot weight. Moreover, these trends for N effects decreases O 3 effects on NCER by partially closing stomates, thereby decreasing O 3 flux into the leaves. Other on boll number and yield response to CO 2 were not as evident in the NFϩ treatment as in the CF and NF mechanisms for CO 2 amelioration of O 3 stress may be involved, however. For example, CO 2 enrichment may treatment. Nevertheless, at medium and high N levels in 1996, yield response to CO 2 was usually similar. Overcause biochemical changes that increase O 3 detoxification or enhance repair of O 3 injury (Allen, 1990) . Furall, our results suggest that the N effect on cotton response to CO 2 enrichment will be small over the range ther work is needed to determine mechanisms of CO 2 amelioration of O 3 stress. of soil N likely to occur in cotton production. Neverthe- 
